Objective: Early pubertal timing is consistently associated with increased BMI percentile-for-age in pubertal girls, while data in boys are more ambiguous. However, higher BMI percentile-for-age may be a result of the earlier puberty per se rather than vice versa. The aim was to evaluate markers of adiposity in relation to pubertal timing and reproductive hormone levels in healthy pubertal boys and girls. Study design: Population-based cross-sectional study (The Copenhagen Puberty Study). Eight-hundred and two healthy Caucasian children and adolescents (486 girls) aged 8.5-16.5 years participated. BMI and bioelectric impedance analyses (BIA) were used to estimate adiposity. Clinical pubertal markers (Tanner stages and testicular volume) were evaluated. LH, FSH, estradiol, testosterone, SHBG and IGF1 levels were determined by immunoassays. Results: In all age groups, higher BMI (all 1 year age-groups, P%0.041) was found with early compared with late maturation, despite similar BIA-estimated body fat percentage (BIA-BF%). Neither BMI nor BIA-BF% differed for a given stage of maturation. BMI percentile-for-age and prevalence of overweight/obesity were higher in the early compared with late matured pubertal children (all P%0.038), despite similar BIA-BF%. Pubertal girls with BIA-BF O29% had significantly lower LH and FSH levels compared with normal-weight girls (P%0.041). Conclusions: Early maturational timing was not associated with higher adiposity for a given stage of puberty. Using BMI percentile-for-age overestimated the degree of adiposity in early pubertal compared with late pubertal children.
Introduction
Timing of sexual maturation is considered a marker of general public health (1) . During recent decades, age at pubertal onset seems to have markedly declined in girls (2, 3, 4, 5, 6) and to a lesser extent in boys (6, 7, 8, 9) .
The increase in childhood adiposity over the last decades has received special attention as a possible etiological factor for the secular trends towards earlier onset of puberty (10, 11, 12, 13) . That extremely low adiposity as seen with anorexia nervosa and extreme physical activity is associated with late pubertal timing is well established (14, 15) . In contrast, to what extent overweight and obesity is associated with early pubertal timing is more controversial.
Earlier age at breast development has consistently been associated with higher BMI percentile-for-age (Z-score) in girls (11, 12, 16, 17) . Accordingly, a BMI Z-score in the overweight and obesity range is more prevalent in early compared with average to late maturing pubertal girls (11) . In addition, higher BMI and skin fold thickness in infancy and childhood seem to predict earlier onset of breast development and menarche (18, 19, 20, 21) . However, reproductive hormone levels have been reported to be lower in obese compared with normal-weight pubertal girls (22) . Thus, inconsistency exists between the findings reported from the population-based studies relying solely on pubertal staging and studies reporting possible effects of obesity on the activation of the hypothalamic-pituitary-gonadal axis.
In boys, the prevalence of overweight and obesity has been reported to be higher in both late (11) and early maturing boys (17) . In accordance with the latter, we recently found that the increase in BMI Z-scores over the past decades was associated with the coincident decline in age at puberty (8) . However, the cause or effect relationship could not be determined in our study. In contrast to our previous findings, a follow-up on a subset of the US national population-based cohort, NHANES III, showed that being pre-pubertal at the age of 11.5 years was more prevalent in obese boys compared with boys with an average BMI Z-score in childhood (23) . This finding is in accordance with studies reporting impaired gonadal function in obese pubertal boys (24, 25) .
Most of the available population-based data on pubertal timing have used BMI Z-scores as a surrogate marker of adiposity. However, BMI increases with maturation even without changes in adiposity (26) . Thus, BMI Z-scores, based on average BMI-for-age, will inevitably lead to overestimation of adiposity in pubertal children with early maturation and vice versa with late maturation. This important consideration has not been adequately addressed in previous studies reporting intra-pubertal differences in adiposity between early and late maturing children (8, 11, 12, 17) .
The aim of the present study was to evaluate differences in adiposity between early and late maturing pubertal children in a cross-sectional population-based cohort of boys and girls. We evaluated BMI and adiposity by bioelectric impedance analysis (BIA) estimated body fat percentage (BF%) and pubertal timing by clinical and hormonal markers.
Subjects and Methods

Study subjects
A total of 1894 healthy boys and girls (767 boys) aged 5.8-19.8 years participated in the Copenhagen Puberty Study that was conducted at schools in the Copenhagen area in 2006-2008. Other aspects of this study have previously been published (4, 8) . In brief, all boys and girls from selected primary and high schools were invited to participate. The overall participation rates were 35.4 and 24.7% in girls and boys respectively. One hundred and sixty-five children (63 boys) with a condition potentially affecting pubertal development or of non-Caucasian descent were excluded based on questionnaire-collected information on previous medical history and parental ethnicity. To divide the cohort into early, average and late maturers, all girls from the original cohort aged 8.5-15.5 years (nZ670) and all boys aged 10.5-16.5 years (nZ322) were selected.
The stratification into early, average and late maturers was based on the age at attainment of a certain pubertal milestone -defined by breast stages and menarche in girls and testicular volume (TV) in boys. It was assumed that the higher the breast stage or TV, the further the subject was in pubertal development.
A girl was defined as an early maturer if she reached a certain breast stage or menarche earlier than the median age for that stage in the population. A girl that reached a certain breast stage later than the median age for the next stage in development was defined as a late maturer and those in between -reaching a certain stage later than the medium of the stage, but before the medium age of the next stage was classified as an average maturer (4). For example, a girl would be classified as an early maturer if she was at breast stage 2 and her chronological age was less than the median age for breast stage 2, or classified as a late maturer if she was in breast stage 2 and her chronological age was more than the median age for breast stage 3. In addition, girls more than 13.0 years of age at examination were stratified by reported age at menarche (early !13 years; average 13-!13.5 years and late O13.5 years). By this process, the girls we divided into early (nZ179), average (nZ149) and late maturers (nZ158). Pre-pubertal girls aged below the population mean for breast stage 2 (nZ118), girls lacking either breast examination (nZ7) or reported age at menarche after 13 years of age (nZ59) could not be classified and were excluded.
In boys, TV was used as the principal clinical pubertal marker in boys in accordance with expert panel recommendation (27) . The TV 33rd and 67th percentile for age was used as a cut-off between the early (nZ87), average (nZ98) and late maturers (nZ131). Six boys were excluded due to lack of TV examination. nearest 1 ml by orchidometry (30) . In case TVs of the two testes were not equal, the larger testis measurement was used. Pubertal onset was defined as a TV of more than 3 ml (30, 31) . The same pediatric endocrinologist did all evaluations in girls and boys respectively. The pubertal period was defined as breast stages 2-4 or menarche in girls and TV of 4-19 ml in boys.
Anthropometrics and body composition
Standing height was measured to the nearest 0.1 cm using a portable stadiometer (Holtain Ltd, Crymych, UK). Weight was measured on a digital electronic scale (SECA delta, model 707, Hamburg, Germany) with a precision of 0.1 kg. The children were weighed without shoes, wearing light clothing. BMI was calculated as weight (in kilograms) divided by height (in meters) squared. BMI Z-scores (SDS) were calculated according to the CDC2000 reference (32) . Overweight was defined as BMI percentile-for-age O85 according to CDC2000 reference. Estimation of fat-free mass (FFM) was done by BIA (Holtain Ltd) using equations based on dual energy X-ray absorptiometry (DXA) scans (boys: FFMZK0.79Cheight 2 /Z!0.44Cweight!0.36 (rZ0.99) and girls: FFMZ0.27Cheight 2 /Z!0.39C weight!0.38 (rZ0.99)) previously described on a subgroup of the children (99 girls and 65 boys) (33) . From estimations of FFM, fat mass (FM) (weightKFFM) and BIA-BF% (FM/weight) were calculated.
Laboratory analysis
Blood samples were withdrawn from an antecubital vein between 0830 and 1300 h, and were available in 264 boys and 408 girls. Blood samples were clotted, centrifuged, and serum was stored at K20 8C until hormone analyses were performed. Serum follicle-stimulating hormone (FSH), luteinizing hormone (LH), testosterone, estradiol (E 2 ), sex hormone-binding globulin (SHBG) and insulin-like growth factor 1 (IGF1) levels were measured by commercially available immune-assays as previously published (4, 8, 34, 35) .
Statistical analyses
Data were cross-sectional. Statistical differences in body composition and reproductive hormone levels between the groups of early, average and late matured girls were evaluated in the 1-year age intervals and within each breast stage. In boys, similar analyses were done in 1-year age intervals as well as in TV-intervals (4-8; 9-13 and 14-19 ml). Differences between early and late maturers were done by Student's t-tests within each age and pubertal group. Adjusted analyses were done by general linear models (ANOVA). Differences in prevalence of overweight and obesity were evaluated by Fisher's exact tests. Associations between BIA-BF%, BMI and BMI Z-scores for girls in breast stage 2 were done by linear regression analyses. The mean BIA-BF% at classification of overweight and obesity was evaluated by probit analyses. All results are presented by means and 95% CIs if not otherwise stated.
Ethical considerations
The Copenhagen Puberty Study (ClinicalTrials.gov #NCT01411527) was approved by the Local Ethical Committee (#KF 01 282214 and #V200.1996/90) and conducted in accordance with the Second Helsinki Declaration. All participants and their parents gave informed consent.
Results
Girls
In all girls, age was positively associated with weight, height, BMI, BIA-FFM and BIA-FM (all P%0.015), but not with BIA-BF% (PZ0.28) respectively. Similar associations were found with breast stages (all P%0.001). The differences in anthropometrics, adiposity and reproductive hormone levels between the early matured, the average and the late matured girls stratified into 1-year age intervals are shown in Fig. 1 . When stratified according to maturation, the early matured girls were significantly younger with lower stature and weight (all P!0.003), but with no differences in BMI, BIA-FM or BIA-BF% at a given breast stage compared with the late matured girls. BMI Z-scores was significantly higher in the group of early matured compared with the late matured girls for a given breast stage (D0.91 S.D. (0.65-1.17), P!0.001, ANOVA; Fig. 2 ). Additional adjustment for BIA-BF% did only marginally change this finding (D0.72 S.D. (0.53-0.91), P!000.1). The prevalence of overweight and obesity were significantly higher in the group of early matured compared with the late matured girls during puberty (16.4% vs 6.3%, PZ0.025). The mean BIA-BF% at classification of overweight was 29.0% (28.3-30.0) in girls. The early matured girls were classified as being overweight at a borderline significantly lower BIA-BF% compared with late matured girls during the pubertal period (DBIA-BF% 1.99% (K0.07 to 4.62), In breast stages 2 and 3, LH and E 2 levels were higher in the late pubertal compared with the early pubertal group (all P%0.026), with no significant differences in SHBG (PR0.10). IGF1 levels were higher in late compared with early matured girls only in breast stage 3 (PZ0.027). Lower SHBG, FSH and LH levels (all P%0.041) was found in girls with BIA-BF% O29% compared with the rest of the pre-menarchal pubertal girls. Classification as overweight/obese by CDC2000 was associated with lower SHBG levels (P!0.001) but with no other differences in reproductive hormone levels (E 2 , FSH, LH and IGF1).
Boys
Weight, height, BMI, BIA-FFM and BIA-FM was positively, and BIA-BF% negatively, associated with age in all boys (all P%0.015). Similar associations were found with TV (all P%0.001), except for BIA-FM (PZ0.26). The differences in anthropometrics, adiposity and reproductive hormone levels between the early, the average and the late matured boys stratified into 1-year age intervals are shown in Fig. 3 .
The early matured boys were significantly younger, shorter and with lower BIA-FFM compared with both average and late matured boys at a given TV (all P%0.042), but with no significant differences in weight, BMI, BIA-FM and BIA-BF% (all PR0.086). However, the mean BMI Z-score was significantly higher in the group of early matured compared with the late matured boys for a given TV (D0.75 S.D. (0.43-1.06), P!000.1; Fig. 4 ). Additional adjustment for BIA-BF% did only marginally change this finding (D0.58 S.D. (0.32-0.85), P!000.1). The prevalence No differences in reproductive hormone levels (testosterone, LH, FSH, SHBG and IGF1) were found between the early, the average, and the late matured boys in the pubertal period when stratified for TV (all PR0.15). Reproductive hormone levels were not significantly different in those with BIA-BF% O28% or overweight/ obesity classified by CDC2000 compared with the rest of the cohort within each TV group (all PO0.08), except for lower SHBG levels in the 4-9 ml TV group (both P!0.001).
Discussion
In the present population-based study of healthy children and adolescents, early matured boys and girls had higher BMI, but similar BF%, compared with late matured similarly aged girls and boys respectively. Despite no differences in either BMI or adiposity, higher BMI Z-scores for a given stage of puberty were found in the early matured compared with the late matured boys and girls respectively. The prevalence of overweight and obesity was significantly higher in early compared with late matured pubertal children, despite similar prevalence of high BIA-BF%. Thus, BMI percentile-for-age (Z-scores) overestimate adiposity in early compared with late maturing children.
The recent secular increase in adiposity has received special attention as a potential etiological factor related to the secular changes towards earlier age at pubertal onset. In accordance with previous population-based studies (8, 11, 12) , we found that early maturing children have higher BMI compared with similarly aged late maturing children. However, BMI increases with the maturational increase in stature and total body mass even with stable or decreasing adiposity during puberty as shown in both the present and previous studies (26) . Thus, early maturing pubertal children are expected to have higher BMI for a given age compared late maturing children due to earlier age at pubertal growth spurt and accretion of both lean and FM. Thus, higher BMI do not reflect higher adiposity per se. In accordance, no significant differences were found in total BF% between similarly aged early and late maturing children.
To account for the marked changes in body composition during puberty, it is more appropriate to evaluate differences in body composition between early and late matured children at the same stage of maturation. When stratified for breast stage in girls and TV in boys, differences were found in neither BMI nor BF% between the early and late maturing children. Thus, the higher BMI-for-age in the early maturing children seem to be explained by the earlier age at puberty per se. Early maturing pubertal children may be viewed as being closer to adult BMI at an earlier age than their less matured peers. Thus, simply adjusting BMI for age leads to overestimation of adiposity in early compared with late maturing children. In analogy, early maturing pubertal children is taller -being closer to final-height -than their similarly aged less matured peers due to earlier age at growth acceleration. In other words, they do not end up being tall statured as the height Z-score may imply during the pubertal period. This is a well-recognized clinical issue generally overcome by relating height for bone-age, thereby adjusting height for stage of maturation. These important considerations have not been taking into account in previously published studies on intra-pubertal differences in BMI -many of which have used age-adjusted BMI (Z-scores) a surrogate marker of adiposity (10, 11, 12, 13) . In the present study, the early maturing children had markedly higher BMI Z-scores for a given stage of puberty despite similar actual BMI and total BF%. Thus, the inappropriate age-adjustment of BMI made these early pubertal girls seem more adipose. The lack of acknowledgement of this maturational effect on BMI may at least to some extent have overestimated BMI in early pubertal children reported in most previous published population-based cohort studies (8, 11, 12, 17) . In the study by Kaplowitz et al. (12) , the BMI Z-score was 0.25-0.50 S.D. higher per year earlier age at breast stage 2. In a similar analysis, we found that the BMI Z-score increased by 0.27 S.D./year earlier age at breast stage 2, after adjustment for adiposity.
Although the maturational effect on BMI most likely diminished with increasing adiposity, it seems to influence classification of overweight when based on BMI percentile-for-age. In the present study, higher prevalence of overweight and obesity were found in early compared with late matured pubertal girls, in accordance with most previous studies (11, 12) . However, the prevalence of high adiposity (total body fat O29%) was not significant different between the early and late matured girls. Thus,
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Clinical Study K Sørensen and A Juul Adiposity, BMI and pubertal timing 173:2 using BMI Z-scores also seem to overestimate the prevalence of overweight in early compared with late matured pubertal girls. Our findings are further supported by studies showing lower gonadotropin and E 2 levels in early-to-mid-pubertal obese girls compared with similarly matured normal-weight girls (22) . In accordance, we found that pubertal girls with adiposity O29% had lower gonadotropin levels compared with the normal-weight pubertal girls. Thus, high adiposity does not seem to be associated with a more potent activation of the hypothalamic-pituitary-gonadal axis in girls, rather vice versa.
The findings of more advanced breast development in overweight and obese girls in population-based studies (11, 12 ) may be partly explained by over-classification of breast stages in these girls due to the mimicking lipomastia, which should be kept in mind in the evaluation of breast stages in girls with excess adiposity. In addition, gonadotropin-independent effects of adiposity-related hormones on glandular breast development may play a role (36) . In theory, lower SHBG levels may increase the bioavailability of sex steroid hormones to glandular breast tissue (37) . In the present study, lower SHBG levels were found in the girls classified as overweight/obese by both BMI and BIA as previously reported (38) . Higher prevalence of overweight and obesity, based on BMI percentile-for-age, was also found in the early compared late matured pubertal boys, despite similar prevalence of total body fat above 28%. This discrepancy seem to be related to fact that the early matured pubertal boys was classified as overweight at a significantly lower BF% compared with the late maturing pubertal boys, when classification was based on BMI percentile-for-age (32) . Thus, the findings of higher prevalence of overweight in early maturing boys in previous European studies (17) may partly be biased by the use of ageadjusted BMI for classification of overweight in pubertal boys. In contrast to the European studies, the American population-based study, NHANES III, reported that overweight and obesity was less prevalent in boys with early compared to average to late puberty (11). These findings was later supported in a longitudinal follow-up of the NHANES III (23) . The cross-Atlantic discrepancies may be related to a higher degree of adiposity in the American population-based studies, thereby reducing the maturational effect on BMI as well as evaluating a more severe obesity phenotype. In accordance with less advanced signs of puberty with increasing adiposity, lower testosterone and gonadotropin levels have previously been reported in obese pubertal boys (24, 25) . Although similar findings could not be demonstrated in the present study, it is plausible that obesity can impair gonadal function in pubertal boys as has been reported in obese adults (39, 40) .
Our present results indicate that the differences in adiposity between early and late matured girls may not be as pronounced as previously reported. However, prepubertal adiposity may still influence pubertal timing. In favour of such a relationship, several studies have found that early maturing children have thicker skin folds and larger body size during infancy and early childhood as well as greater increases in skin fold thickness and body size before puberty compared with later matured children (18, 19, 20, 21) . Despite the limitation of the cross-sectional design, the present study is the first to adequately describe the limitation of BMI percentile-for-age as a surrogate marker of normal and excess adiposity when evaluating children differing in pubertal timing.
BIA is a cost-effective, rapid and non-invasive method to estimate body composition in children and adolescents. Although inferior to laboratory-based techniques such as isotope dilution, hydrodensitometry, DXA and magnetic resonance imaging, the use of BIA for evaluation of body composition in children and adolescents is generally considered to be more accurate than anthropometric-based equations such as BMI (41) . BIA estimation is based on the assumption that the body is a cylindrical ionic conductor. In addition to the intra-and extracellular fat-free compartments, conductance depends on the length and calibre of the body cylinders, which may change markedly during puberty. In accordance, the precision of BIA in estimating body composition seems to vary across the peri-pubertal period (42) . Thus, even with the use of BIA it seems most appropriate to evaluate body composition for a given stage of puberty rather than age.
In conclusion, early pubertal timing was not associated with higher adiposity within the pubertal period in either girls or boys. Despite lack of significant differences in adiposity, the BMI percentile-for-age and the prevalence of overweight was significantly higher in early maturing compared with late maturing children for the same stage of maturation. Thus, BMI percentile-for-age seems to overestimate adiposity and classification of overweight in early compared with late maturing children during the pubertal period. Our results indicate that adjustment of BMI for stage of maturation rather than age will improve the accuracy in the evaluation of adiposity between early and late maturing children during the pubertal period.
